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SUMMARY 


I.  RADIATION  SENSITIVITY  AND  POSTIRRADIATION 
PROPERTIES  RECOVERY 


A . NRC-CE-NRL  Cooperative  Program:  Series  3 (Extra  Low 

Copper)  Material  Evaluations 

Preliminary  radiation  assessments  of  notch  ductility 
for  the  Series  3 materials  (extra  low  copper  content)  from 
the  NRC-CE-NRL  Cooperative  Program  have  been  completed.  The 
materials  represent  best  current  steelmaking  practice  and 
copper  impurity  control.  These  primary  observations  were 
made  from  the  results  in  conjunction  with  determinations  for 
Series  2 (low  copper  content)  and  Series  1 (normal  copper 
content,  nonimproved  steelmaking  practice)  materials.  First, 
the  specification  of  0.067(  Cu  maximum  as  opposed  to  0.10'^  Cu 
maximum  does  not  provide  a large  beneficial  increase  in  288°C 
(550°F)  radiation  resistance  for  A533-B  steel  for  the  fluence 
range  Investigated.  Second,  all  Series  3 materials  (plate, 
weld,  and  weld  heat  affected  zone)  exhibited  very  high  radia- 
tion resistance  wherein  brittle/ductile  transition  evaluations 
were  less  than  56°C  (100”F)  for  fluences  of  ~5xl(P®  n/cmP  . 
Finally,  the  weld  deposit  demonstrated  that  nickel  contents 
in  amounts  up  to  1%  do  not  contribute  separate*ly  to  radiation 
effects  sensitivity  in  low  copper  content  A533  welds.  A 
final  report  on  this  phase  of  the  cooperative  program  is  in 
preparation . 


B . Influence  of  Phosphorus  and  Copper  on  Postirradiation 
Upper  Shelf  Performance 


An  exploratory  study  has  been  made  on  the  individual 
contributions  of  copper  and  phosphorus  to  upper  shelf 
behavior  with  288°C  (550‘'F)  irr^’.diation  and  with  343  and 
371‘’C  (650  and  700®F)  postirradiation  annealing.  Four 
A302-B  and  A533-B  steel  materials  were  employed.  Fracture 
toughness  determinations  (Kj^)  as  well  as  standard  Charpy-V 
notch  ductility  determinations  were  made. 


Note;  Manuscript  fubmitted  April  28,  1977. 
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Assessments  of  copper  and  phosphorus  effects  for  the  as- 
irradiated  condition  were  not  conclusive  but  do  suggest  a 
role  of  these  impurities  in  upper  shelf  degradation.  For 
the  post i rradiat ion  annealed  condition,  the  data  demonstrate 
tliat  upper  shelf  recovery  decreases  with  increasing  copper 
content.  The  findings  also  demonstrate  that  a difference  of 
only  28"C  (.'j()‘'F)  in  annealing  temperature  (i.e.,  371  vs  343*C, 
700  vs  650® F)  can  have  a very  marked  effect  on  upper  shelf 
r(?covery  . 

II.  THERMAL  SHOCK- RELATED  INVESTIGATIONS 
A.  Characterization  of  the  Warm  Prestress  Phenomenon 


An  experimental  study  has  been  conducted  to  investigate 
the  potential  elevation  in  Kj  by  warm  prestress  (WPS)  and 
to  translate  the  signi f icance'^of  this  behavior  into  struct- 
ural terms  in  the  sense  of  minimizing  crack  extension  in 
nuclear  vessel  during  a loss  of  coolant  accident  (LOCA). 

It  is  concluded  that  the  mechanisms  associated  with  WPS  act 
to  elevate  the  Kj^  of  the  material  at  the  crack  tip  and  that 
this  fact  can  greatly  minimize  crack  extension  that  would 
have  been  predicted  without  con.sideration  of  WPS.  The  ex- 
periments demonstrated  that  specimen  fracture  never  occurs 
during  the  unloading  portion  of  the  simulated  LOCA  path. 

This  finding  is  of  major  significance  to  the  vessel  integrity. 
Specifically,  it  implies  that  crack  initiation  in  a vessel 
will  not  occur  as  Kj  decreases  with  time  regardless  of  the 
magnitude  of  Kj^,. 

In  terms  of  margin  of  safety  against  fracture,  it  is 
shown  that  the  elevation  of  Kj^  by  WPS  is  not  uniform  and 
depends  upon  WPS  level,  the  degree  of  unloading,  and  the 
increment  between  the  temperature  of  WPS  and  the  failure 
temperature.  In  terms  of  structural  significance,  it  is 
clear  that  WPS  by  itself  cannot  prevent  the  initiation  of 
shallow  cracks.  For  the  typical  vessel  geometry  considered, 
however,  it  is  concluded  that  all  cracks  having  relative 
initial  depths  greater  than  0.2  are  prevented,  by  WPS,  from 
extending  any  amount.  I’inally,  because  of  complete  wall 
penetration  during  a LOCA  predicted  by  a conservative  elastic 
analysis  without  consideration  of  WPS,  this  phenomenon  may 
form  a key  element  upon  which  to  predicate  structural  in- 
tegrity during  the  accident. 

B . Plastic  Net  Ligament  Studies 

A simulation  of  the  plastic  net  ligament  behavior  asso- 
ciated with  a deep,  axial  crack  in  a vessel  wall  during  a 
LOCA  was  achieved.  Using  fatigue-cracked  bend  specimens,  it 
was  demonstrated  that  the  bending  of  the  vessel  wall,  due  to 
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the  thermal  stresses,  can  result  in  neglibible  crack  (jxtension 
of  a deep  crack;  consequently,  the  vessel  integrity  will  be 
maintained.  Tiiis  fact  will  prevent  the  loss  of  cooling  water 
througli  the  cracked  wall  and  thereby  preclude  core  me- 1 1 down. 
'Die  experiments  were  conducted  with  A533-B1  steel  within  the 
upper  shelf  toughness  regime.  Additional  experiments  are 
required  to  simulate  the  behavior  of  the  wall  when  the  tem- 
perature of  the  crack-tip  region  falls  within  the  brittle- 
ductile  transition  region. 

III.  FATIGLIK  CRACK  PROPAGATION  IN  LWR  MATERIALS 

A . F.vuluation  of  Critical  Factors  in  Crack  Growth  Ra  te 

St  udies 

Fatigue  crack  propagation  data  are  presented  for  A508-2 
forging  material.  Tests  were  conducted  in  accordance  with 
the  preliminary  NRC  matrix  designed  to  characterize  hydro  and 
leak  tran.sients  as  well  as  heatup  and  cooldown  transients  of 
a commercial  nuclear  pressure  vessel.  To  investigate  the  pre- 
ceding tran-sients,  tests  were  conducted  in  93“C  (200  F^ 
reactor  grade  water  at  atmospheric  pressure  and  in  288  C 
(550“F)  water  at  11  MPa  (2000  psig).  A modified  trapezoidal 
loading  wave  was  used  with  a rapid  rise  time  wherein  the 
('ffect  of  hold  time  was  investigated.  The  data  show  that 
hold  times  of  1,  3,  and  12  minutes  do  not  result  in  different 
gix)wth  rate  trends  at  93°C.  Furthermore,  the  growth  rates  in 
93°C  water  are  essentially  identical  to  those  in  an  air  en- 
vironment; the  behavior  suggests  that  there  is  no  e(fc*ct  of 
tlie  water  environment  for  the  test  conditions  and  material 
i nvest i gated . 
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RESKAHCH  PROGRESS 


I.  RADIATION  SENSITIVITY  AND  POSTIRRADIATION 
PROPERTIES  RECOVERY 

A . NRC-CE-NRL  Cooperative  Program:  Series  3 (Extra  Low 
Copper)  Material  Evaluations 

J.  R.  Hawthorne 

BACKGROUND 


The  primary  objective  of  the  NRC-CE-NRL  Cooperative 
Program  on  improved  A533-B  .steel  is  to  establish  trends  in 
radiation  embrittlement  resistance  for  three  series  of  mate- 
esenting  progressive  reductions  in  allowable  copper 
;.ach  material  series  includes  plates,  weld  deposits 
at  affected  zone  (HAZ)  materials.  The  program 
.e  findings  of  laboratory  melt  studies^  which 
that  certain  residual  impurity  elements,  especially 
coppei'  and  phosphorus,  have  a particularly  adverse  effect  on 
radiation  resistance  at  reactor  vessel  service  temperatures 
~288°C  (,.^550°F).  Conversely,  the  reduction  of  impurities 
was  shown  to  yield  steel  with  high  radiation  resistance. 
Demonstration  tests  with  a commercial  scale  A533-B  melt  and 
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confirmed  the  conclusions  based  upon  laboratory  melts 


Materials  in  the  present  study  were: 


Series  1 - normal  copper  content  ( '•  0 . J 5%  Cu) 
typical  of  nonimproved  commercial 
steel  production  (pre-1971). 

Series  2 - low  copj)er  content  (0.10%  Cu  maximum 
with  0.012%  P maximum)  representing 
improved  steel  production  (current 
practice)  . 

Series  3 - extra  low  copper  content  (0.06%  Cu 
maximum)  considered  the  practical 
lower  limit  for  coi)per  content  control. 


Findings  for  the  Series  1 vs  Series  2 materials  have  been 
reported. '*  The  results  clearly  demonstrate  that  a major 
reduction  in  radiation  sensitivity  is  achieved  with  reduced 
copper  content  in  commercial  production  A533  plate,  weld, 
and  weld  HAZ  materials.  The  improvement  was  evident  both 
as  a smaller  Charpy-V  (C^)  transition  temperature  increase 
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(Fig.  1)  and  as  a smaller  decrease  in  upper  shelf  (>nergy 
level  with  irradiation. 

A sj)ecific  objective  of  the  Series  3 vs  Series  2 mate- 
rial assessments  was  to  establish  whether  or  not  an  addi- 
tional benefit  to  radiation  resistance  is  achieved  by  a very 
low  copper  content  (optimum  steelmaking  practice)  cajmpared 
to  a low  copper  content  (improved  practice  only).  During 
this  repi)rting  period,  radiation  assessments  of  the  Scries  3 
materials  were  ccjmpleted  and  permit  this  determination  to  be 
made . 

MATERIALS 


The  chemical  compositions  of  the  Series  3 materials  are 
given  in  Table  1 along  with  those  for  the  Series  2 refei'ence 
materials.  It  is  noted  that  the  Series  3 weld  dei)osit  was 
[produced  by  the  shielded  metal  arc  (SMA)  proce.ss  whereas  the 
Series  2 (and  Series  1)  welds  were  made  by  the  submergi‘d  arc 
(S/A)  process.**  Welding  parameters  and  materials  used  for 
the  SMA  weld  are  reported  in  Table  2.  All  welds  for  the 
{program  were  produced  using  standard  commercial  etjuipment 
and  practices. 

The  Cy  specimens  were  taken  from  the  quarter  thickness 
locations  of  the  plates  in  two  orientations;  longitudinal 
(LT,  parallel  to  the  plate  primary  rolling  direction),  and 
transverse  (TL,  perpendicular  to  the  jjlate  primary  rolling 
direction).  With  one  exception,  only  the  TL  orientation  was 
evaluated  with  irradiation.  Weld  metal  Cy  specimens  were 
removed  between  the  1/8  and  7/8  thickness  locations  and  were 
oriented  perpendicular  to  the  welding  direction.  The  HAZ 
Cy  specimens  were  also  oriented  perpendicular  to  the  welding 
direction  but  had  the  specimen  V-notch  centered  0.8mm  (1/32  i n . ) 
in  from  the  weld  fusion  line.  The  HAZ  specimens  correspond 
to  the  LT  orientation,  quarter  thickness  loc;ation,  of  the 
parent  plate.  In  each  case,  the  specimen  notch  was  perpen- 
dicular to  the  plate  (or  weldment)  surface.  Drop  weight  test 
specimens  ( ASTM  Type  P-3)  for  unirradiated  condition  NDT 
de terminat ion.s  were  taken  eithf?r  at  the  quarter  thickness 
location  (plate)  or  through  the  thickness  (weld  deposit). 

MATERIAL  IRRADIATIONS 

Material  irradiations  were  conducted  in  the  Union  Carbide 
R«;search  Reactor  (UCRR)  D-3  fuel  lattice  position  and  in  the 
University  of  Buffalo  Reactor  (UB)  B--1  fuel  lattice  position. 
Target  fluence  levels*  called  for  by  the  original  program 
♦ cs 

4>  j,  , - calculated  spectrum  fluence. 

- fission  spectrum  (assumed)  fluence. 
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INCREASE  IN  Cv  30  ft-lb  TRANSITION  TEMPERATURE 


SERIES  2 

(LOW  Cu, 

CONTROLLED 

PRODUCT) 


(AC) 

-^222 


HI94 


(AF) 

400r 


350  h 


A533-B  STEEL 

PLATE  *00 

WELD  ▲ A & 

WELD  HA?  ♦ 0 « 
i0l5  Cu  -■ t t ‘ 
OIOCu(MAX) 

demonstration 

TESTS  (EARLY! 

0 05  Cu  (MAX) 


200 


100 


- SERIES  I 

1 (NORMAL  Cu) 


(WELD  I) 


PREVIOUS  OBSERVATIONS 
A533-B  pERTORMANCE 
/ (REf  T) 


ASTM  A302B 
REFERENCE  PLATE 
/ TREND 


Fig.  1 — Summary  of  Charpy-V  40.7J  (30  ft-lb)  transition  temperature  changes  with  ir- 
radiation observed  for  Series  1 materials  (large  filled  symbols)  and  Series  2 materials  (large 
open  symbols).  A benefit  to  radiation  embrittlement  resistance  by  a low  copper  content 
is  clearly  evident.  Earlier  determinations  for  low  copper  content  A533-B  materials  from 
commercial  scale  demonstration  tests  are  at.so  given  (small  open  symbols). 
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(2)  Interstage  stress  relief  annealed  593-621 "C  ( 1100-1150”F)  1/4  hr. 
minimum;  postweld  stress  relief  annealed  v.,'*!'’'  (1150‘'F)  40  hr, 

furnace  cooled  to  316”C  (600'’F). 
plate  for  Weld  6 


TABLE  2 


Welding  Parameters  and  Materials 
(Series  3 Weld) 


Weld  Process 
Electrode  Type 
Electrode  Diameter 
Voltage 
Current 
Travel  Speed 
Preheat  Temperature 
Interpass  Temperature 


Shielded  Metal  Arc  (SMA) 
E8018-C3 

4.75  mm  (3/16  in.) 

25  V,  dcrp 
210-260  amps 
26.7  cm/ mm  (10,5  1pm) 
149°C  (300°F)  minimum 
260°C  (500°F)  maximum 


plan  were  2 to  3x10''’  and  5+xlO''’  n/ctn^  >1  MeV  ( for  all 
materials.  However,  the  irradiation  plan  was  modified  for 
the  Series  3 materials  in  view  of  the  performance  of  the 
Series  2 mat.  rials  (high  radiation  resistance)  and  only  "high 
flnence"  experiments  were  performed.  Experiment  1 (UCRR) 
with  Plate  5 and  HAZ  5 samples  was  irradiated  to  an  average 
fluence  of  5.3x10'^  n/cm'  >1  MeV;  experiment  2 (UB)  contain- 
ing all  materials  except  HAZ  5 reached  fluences  of  4.9  to 
6.1x10'®  n/cm^  depending  on  experiment  subsection. 

Fluence  determinations  were  based  on  measurements  with 
iron  neutron  dosimeter  wires  included  in  each  experiment 
specimen  array.  Irradiation  period  was  of  approximately 
1500  hours  duration  for  the  UCHIR  experiment  and  of  approxi- 
mately 1900  hours  for  the  UB  experiment.  Irradiation  tem- 
peratures were  monitored  continuously  by  means  of  multiple 
thermocouples  in  each  specimen  group. 

RESULTS  AND  DISCUSSION 


Irradiation  data  developed  for  the  six  Series  3 materials 
are  illustrated  in  Figs.  2-7  and  are  summarized  in  Table  3. 
Consistent  with  the  low  copper  (and  plio.sjjhoru.s ) contents, 
all  of  the  materials  show  excellent  radiation  resistance  in 
terms  of  notch  ductility  retention.  For  example.  Plates  5, 

6,  and  7 exhibited  C^  40.7  J (30  ft-lb)  transition  tempera- 
ture increases  on  the  order  of  only  36  to  42°C  (65  to  75°F). 

HAZ  materials,  although  showing  wide  data  scatter,  were 
noted  to  have  a transition  temperature  elevation  comparable 
to  the  parent  plate  (e.g.,  HAZ  6)  or  less  than  the  parent 
plate  (e.g.,  HAZ  5).  More  importantly,  postirradiation  data 
for  the  HAZ  fall  consistently  to  the  left  of  the  postirradia- 
tion curve  established  for  the  parent  plate  in  the  transition 
region.  (For  Plate  5,  the  post irradiat ion  curve  for  the  LT 
orientation  is  assumed  to  follow  the  curve  for  the  TL  orien- 
tation in  the  transition  regime  based  on  preirradiation  com- 
parisons). In  the  upper  shelf  regime,  HAZ  comparisons  are 
less  clear.  The  data  for  HAZ  6 vs  Plate  6 suggest  a some- 
what greater  irradiation  effect  on  the  HAZ  both  in  terms  of 
upper  shelf  energy  reduction  and  in  terms  of  absolute  values. 
A similar  comparison  for  HAZ  5 vs  Plate  5 was  not  possible 
for  lack  of  plate  LT  orientation  data.  It  is  observed,  how- 
ever, that  the  postirradiation  upper  shelf  of  the  HAZ  is  not 
reduced  below  that  of  the  TL  orientation  of  the  plate  in 
either  case. 

Referring  to  Fig.  7,  the  weld  deposit  depicted  very 
high  resistance  to  radiation,  surpassing  that  of  the  Series 
3 plates.  The  performance  of  this  weld  was  of  special  in- 
terest becau.se  certain  experimental  data*'  ^ ® previously 
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Fig.  2 — Notch  ductility  of  Plate  5 (Series  3)  before  and  after  288°C  (550®F)  irradiation 
to  two  fJuence  levels.  In  this  figure  and  in  Figs.  3-7,  open  and  filled  symbols  refer  to  un- 
irradiated and  inadiated  conditions,  respectively. 
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Fig.  3 — Notch  ductility  of  HAZ  5 before  and  after  irradiation.  The  notch  ductility  of  the  parent 
plate  (TL  orientation.  Fig.  2)  after  irradiation  is  also  indicated  (dashed  cune). 


12 


lotch  ductility  of  Plate  6 before  and  after  irradiation.  Limited  data  for  the  postirradiation 
annealed  condition  (half  filled  symbols)  are  also  shown. 
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Fig.  5 — Notch  ductility  of  HAZ  6 before  and  after  irradiation.  The  notch  ductility  of  the  parent 
plate  (LT  and  TL  orientations.  Fig.  4)  after  irradiation  is  also  indicated. 


TABLE 


^LT  orientation 

|preliminar>  estimate 

Not  established  (high  data  scatter) 


luid  raised  suspicions  of  a detrimental  contribution  of 
nickel  content  to  radiation  sensitivity  in  addition  to  that 
of  copper.  The  materials  in  question  consisted  largely  of 
hij;h  copper  (>  0.20%  Cu)  weldments  of  A53.3-B  steel.  Tiie  NRL 
interpretation  of  the  data  was  a reinforcement  by  nickel  of 
the  primary  copper  effect  rather  than  an  independent  contribu- 
t ion  of  nickel  to  radiation  resistance  for  nickel  contents 
up  to  1%.^  An  independent  effect  of  nickel,  on  the  otiier 

hand,  was  projected  by  other  i nvest  if^ators . ^ Because  of  the 
liroad  use  and  importance  of  E8018-C3  electrodes  ('^-1%  Ni) 
for  shielded  metal  arc  welding  of  A533-B  in  nuclear  construc- 
tion, the  existence  and  mode  of  a nickel  contribution  to 
radiation  performance  were  critical  uncertainties.  The 
results  of  Fig.  7 clmirly  demonstrate  that  nickel  does  not 
contribute  separately  to  radiation  embrittlement  sensitivity 
for  amounts  up  to  1%  Ni.  NRL  findings  for  a 0.6%  Ni  weld 
made  by  the  submerged  arc  process  provide  separate  support- 
ing evidence.  Thus,  the  original  concern  for  the  use  of  low- 
copper  content  K8010-C3  electrodes  for  high  fluence  apjilira- 
tions  can  be  dismissed.  The  results,  however,  do  not  resolve 
suspicions  of  a nickel-content  contribution  to  radiation  bti- 
havior  for  the  case  of  high  copper  welds  since  the  possibility 
for  a nickel-copper  interaction  first  suggested  by  the  NHL 
analysis  remain.s. 

In  Fig.  8,  the  40. 7J  (30  ft-lb)  transition  temperature 
increases  determined  for  the  Series  3 materials  are  compared 
to  previously  reported  data  for  the  Series  1 and  2 materials. 
Significantly,  comparable  trends  in  radiation  induced  propc'rty 
changes  are  indicated  for  the  extra  low  copper  content  mate- 
rials vs  the  low  copper  content  materials;  that  is,  for  the 
Series  3 materials  and  the  demonstration  test  materials  vs 
the  Series  2 materials.  The  study  accordingly  has  dtmion- 
strated  that  a further  reduction  in  maximum  allcjwable  coppt>r 
content  from  0.10%  Cu  ( ASTM  specification)  to  0.06%  Cu  (bi'st 
steelmaking  practice)  will  not  result  in  particular  bent'fit 
to  radiation  resistance,  at  least  for  plate  and  HAZ  materials. 
For  welds,  the  practical  significance  of  0.06%  Cu  max  vs 
0,10%  Cu  max  was  not  actually  investigated  because  of  tlie 
similarity  of  copper  contents  (equally  low).  From  Table  1, 
it  is  noted  that  weld  copper  contents  were  all  in  t lie  range 
of  0.04  to  0.07%  Cu.  It  is  pointed  out,  however,  that  the 
welds  with  the  lowest  copper  and  phosphorus  contents  exhibited 
the  highest  radiation  resistance  of  all  the  materials  eval- 
uated . 

Limited  resuits  for  postirradiation  heat  treatment 
(annealing)  of  Plates  6 and  7 are  presented  in  Figs,  1 and 
6.  In  both  cases,  343‘’C  (650‘’F)-168  hour  annealing  did  not 
produce  significant  recovery  in  Cy  40. 7J  (30  ft-lb)  transi- 
tion temperature  and  produced  only  limited  recovery  in  the 
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C 67.8,1  (50  ft-lb)  transition  temperature.  A hi^?h  decree 
oY  recovery  was  ncjt  expected  from  earlier  results.  For  mate- 
rials .showing  high  radiation  resistance,  embrittlement  r<!lief 
by  annealing  is  not  expected  to  be  important  for  ext(>nding 
component  lifetime;  however,  the  current  results  do  help 
e.xtend  the  state-of-the-art  on  pos  t i rrad  i a t ion  annealing 
trends  among  steels. 

CONCLUSIONS 


Preliminary  radiation  assessments  ot  the  Serie.s  3 mate- 
rials (e.xtra  low  copper  content)  from  the  NRC-CE-NRL  Ccjop- 
erative  Program  have  results  in  the  following  primary  obser- 
vations and  conclusions: 

1.  The  specification  of  extra  low  copper  content  (0.06%  Cu 
max,  optimum  steelmaking  practice)  as  opposed  to  a low 
copper  content  (0.10%  Cu  max,  improved  practice  only) 
does  not  provide  a large  increase  in  288°C  (550°F> 
radiation  resistance  for  A533-B  steel  for  fluences  up 
to  'o5xl0*’  n/cm^  >1  MeV. 

2.  All  plate,  weld,  and  HAZ  materials  of  Series  3 exhibited 
very  low  st'nsitivity  to  radiation  induced  change  in  C^, 
notch  ductility  in  terms  of  transition  temperature 
elevation  and  upper  .sh<-ll  eiu*rgy  degradation.  Typically, 
Cy  30  ft-lb  transition  temperature  elevations  were  less 
than  56°C  (100°F)  with  IliuMices  (<1*^*^)  of  4.6  to  5.3x10*’ 
n/cm^  >1  MeV, 

3.  The  weld  deposit  showed  the  best  radiation  resistance  of 
the  Series  3 materials.  The  weld  HAZ,  in  general,  ex- 
hibited a ductile/brittle  transition  no  higher  than  that 
of  the  parent  plate.  Somewhat  poorer  upper  shelf  re- 
tention by  the  HAZ  is  suggested  by  the  data. 

4.  Nickel  in  amounts  up  to  1%  does  not  contribute  separately 
to  radiation  effects  sensitivity  in  low  copper  content 
A533  welds. 

5.  Postirradiat ion  annealing  of  extra  low  copper  content 
A533  steel  plates  at  343°C  (650'’F)-168  hours  is  not 
highly  effective  toward  radiation  effects  recovery. 

A final  report  on  this  phase  of  the  NRC-CE-NRL  Cooperative 
Program  is  in  preparation.*  The  report  will  include  a summary 
of  Series  1 and  Series  2 material  investigations  as  well. 


*Joint  NRL  and  CE  authorship. 
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B . Influence  ol  Phosphorus  and  Copper  on  Post i rradlation 

Upper  Shelf  Performance  of  Steel 

J.  R.  Hawthorne 
BACKGROUND 

The  detrimental  influence  of  phosphorus  and  copper  im- 
purities on  the  hr i t t le/duc t i 1 e transition  behavior  of  low 
alloy  steel  under  288°C  (550°F)  irradiation  is  well  estab- 
lished. The  importance  of  these  elements  to  upper  shelf 
energy  retention  during  irradiation  and  to  upper  shelf  re- 
covery behavior  by  heat  treatment  (annealing)  on  the  other 
hand  has  not  been  explored  in  detail.  The  mechanisms  for  the 
phosphorus  and  copper  contributions  to  radiation  sensitivity 
are  known  to  be  different.^'®  Accordingly,  it  is  possible 
that  one  and  not  the  other  of  these  impurity  elements  exert 
an  influence  on  upper  shelf  behavior  with  irradiation.  It 
is  equally  possible  that  upper  shelf  degradation  by  radiation 
exposure  is  simply  a function  of  relative  "damage  state" 
which  is  defined  by  material  sensitivity  level,  regardless 
of  the  particular  metallurgical  factors  involved,  coupled 
with  the  fluence  received. 

PROGRESS 

A recent  investigation  has  e.xplored  the  individual  in- 
fluences of  copper  and  phosphorus  on  upper  shelf  behavior 
with  288°C  (550"F)  irradiation  and  with  343  and  371°C  (650 
and  700°F)  post i rradiat  i on  anntjaling.  Four  materials  were 
employed  and  are  identified  in  Table  4.  Plate  N27  served 
as  a reference  material.  The  materials  were  irradiated 
simultaneously  in  one  reactor  experiment  to  minimize  exposure 
differences.  Some  small  fluence  (n/cm^  >1  MeV)  diffc?rences 
due  to  the  reactor  flux  gradient  were  noted.  The  experiment 
include  specimens  for  typical  notch  ductility  determina- 
tions and  fatigue  precracked  Charpy-V  specimens  (PCC^)  for 
fracture  toughness  determinations  (Kj^)  by  the  -J-Integral 
method . 

Table  5 summarizes  findings  for  the  C specimen  assess- 
ments. Referring  to  the  irradiated  condition,  greater  em- 
brittlement in  terms  of  transition  temperature  increase  with 
increasing  copper  and  phosphorus  content  is  indicated  (ex- 
pected trend).  In  contrast,  absolute  upper  shelf  energy 
decreases  show  no  trend  with  copper  level.  In  terms  of  per- 
centage decrease,  however,  the  performance  of  Plate  N27  vs 
Plate  IT  suggests  a greater  percentage  decrease  by  irradia- 
tion with  a higher  copper  content.  Similarly,  a greater 
effect  by  irradiation  for  increasing  phosphorus  content  is 
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a-  Not  determined. 
Submerged  arc  weld. 


288  r (550  F)  Irradiated  Condition 


.36  X ft-lb 


suggested  by  the  rt^sults  for  Plates  N27  and  40C.  Referring 
to  results  for  the  post i rrad i a t ion  annealed  condition,  two 
important  determinations  were  possible.  P’irst,  a decrease  in 
upper  shelf  recovery  with  increasing  copper  content  is  demon- 
strated by  the  343°C  (650°F)  data.  Secondly,  a difference  of 
28°C  (50°F)  in  annealing  temperature  (i.e.,  371  vs  343‘’C, 

700  vs  650°F)  can  have  a very  marked  effect  on  upper  shelf 
response.  For  Plate  40C  the  data  are  tentative  but  suggest 
that  phosphorus  content  is  detrimt'ntal  to  recovery  behavior 
as  well. 

Table  6 lists  pr(?-  and  pos  t i rrad  i a t i (jn  fracture  toughness 
(Kj.)  values  for  one  plate  and  weld.  All  tests  were  con- 
ducted at  177°C  (350°F)  corresponding  to  the  upper  shelf 
regime.  For  Plate  N27, upper  shelf  degradation  with  irradia- 
tion and  recovery  with  annealing  are  clt'arly  depicted.  For 
weld  Wl,  an  inconsistency  is  noted  rt>lativ(*  to  the  C data 
trend,  that  is,  the  average  Kjj  value  for  the  unirradiated 
condition.  This  may  be  simply  a manifestation  of  data 
scatter  but  could  point  up  a potential  problem  in  the  use  of 
the  PCCy  test  method,  i.e.,  need  for  multiple  specimen  test- 
ing. 


To  summarize,  results  of  this  investigation  signify  an 
important  role  of  copper  and  phosphorus  impurities  on  post- 
irradiation Cy  upper  shelf  level,  especially  with  post- 
irradiation heat  treatment.  A follow-on  study  with  a series 
of  laboratory  split  melts  with  statistical  impurity  variations 
has  been  undertaken  to  provide  a more  definitive  test  of  the 
impact  of  both  copper  and  phosphorus  on  upper  shelf  trends. 
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II.  THERMAL  sikx’k-ri:lati:d  investigations 


A.  Characterization  of  Warm  Prestress  Phenomenon 


F.  J.  Loss,  R.  A.  Gray,  Jr.  and  J.  R.  Hawthorne 
BACKGROUND 

One  of  the  postulated  events  for  a nuclear  pressure 
vessel  is  a sudden  loss  of  coolant  accident  (LOCA) followed 
by  operation  of  the  emergency  core  cooling  system  (ECCS). 
Introduction  of  the  relatively  cold  ECCS  water  subjects  the 
vessel  wall  to  high  tliermal  stresses,  i.e.,  thermal  shock, 
that  can  lead  to  extension  of  a preexisting  flaw.  It  has 
been  assumed  that  crack  extension  will  initiate  when  the 
applied  Kj  level  at  tlie  flaw  tip  achieves  the  critical  Kj^, 
level.  However,  crack  extension  may  not  actually  take 
place  if  Kj  is  decreasing  with  time  when  the  Kj^,  level  is 
attained.  This  phenomenon  is  known  as  "warm  prestress"  (WPS). 

Since  Kj^.  is  a function  of  temperature,  its  value  can 
exceed  the  peak  applied  Kj  level  early  in  time  when  the 
vessel  wall  is  hot.  In  this  event  crack  extension  will  not 
take  place  as  the  peak  Kj  is  applied.  Later,  both  the  Kj 
level  and  the  wall  temperature,  and  therefore  Kj^,,  decrease 
at  different  rates;  this  behavior  can  result  in  an  equiva- 
lence between  Kj  and  Kj^.  At  this  time,  however,  the  prior 
WPS  at  the  crack  tip  is  expected  to  preclude  crack  extension. 

An  experimental  program  is  underway  to  characterize  the 
WPS  phenomenon  and  to  define  its  potential  benefits  in  terms 
of  inhibiting  crack  extension  in  a nuclear  vessel.  The  ex- 
perimental program  employs  notched,  3-point  bend  specimens 
of  A533-B  Class  1 steel.  Specimens  are  subjected  to  a Kj 
vs  temperature  path  that  simulates  the  conditions  during  a 
LOCA.  The  experimental  procedure  has  been  described  in 
Ref.  7.  The  first  phase  of  the  WPS  experiments  has  been 
completed  and  the  results  are  summarized  here. 

EXPERIMENTAL  RESULTS 

Results  from  38mm  and  76mm  (1.5  and  3.0  in.)  thick  bend 
specimens  are  presented  in  Figs.  9 and  10,  respectively. 

In  both  figures,  specimens  were  loaded  to  a predetermined 
Ki  level  at  room  temperature  (i.e.,  warm  prestressed)  and 
then  simultaneously  unloaded  and  cooled  to  a given  tempera- 
ture. This  was  followed  by  an  isothermal  loading  to  failure. 
The  figures  illustrate  the  behavior  of  two  specimen  loading 
patterns.  The  filled  symbols  denote  a partial  unloading 
(e.g.,  30-60%)  over  the  increment,  AT,  between  the  tempera- 
ture of  WPS  (T^pg)  and  the  temperature  of  isothermal  loading 
to  failure  (Tp).‘  The  open  symbols  denote  complete  unloading 
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Fig.  9 — Warm  prestress  trends  for  38  mm  (1.5  in.)  thickness  specimens.  Specimens  received 
a warm  prestress  loading  at  room  temperature  to  the  levels  indicated.  Killed  symbols  denote 
partial  unloading  while  open  symbols  denote  the  failure  path  “load,  unload,  cool,  fracture” 
(LUCK). 
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Fig.  10  — Warm  prestreu  trends  for  76  mm  (3  in.)  thickness  specimens.  Specimens 
received  ■ warm  prestress  loading  at  room  temperature  to  the  levels  indicated.  Sym- 
bols are  defined  in  Fig.  9. 
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at  , cooling  to  Tp  and  lailure  by  subsequent  isothermal 

loading  (LUCF).  It  must  be  c-mphasized  that  only  the  partial 
unloading  path  is  representative  of  LOCA  conditions  in  that 
complete  unloading  will  not  occur  during  the  accident.  The 
LUCF  path,  however,  provided  a means  to  characterize  the  sig- 
nificance of  the  degree  of  unloading.  Also  shown  in  the 
figures  is  the  Kj^  trend  measured  by  Westinghouse  Corp.^’*® 
for  the  same  plate  of  A533-B1  material  used  in  the  present  in- 
vestigation (HSST  plate  02). 

In  order  to  understand  the  data  trends,  it  is  important  to 
note  first  that  no  specimens  failed  during  the  simultaneous 
unloading  and  cooling  even  though  the  critical  Kj  . for  the 
virgin  material  was  attained.  This  fact  is  of  ma^for  import- 
ance to  the  vessel  integrity  as  explained  later.  Next,  note 
that  all  specimens  that  were  partially  unloaded  following  the 
WPS,  exhibit  a value  of  at  failure  that  exceeds  the  Kj^ 
value  at  the  specific  failure  temperature.  It  is  therefore 
concluded  that  WPS  during  a LOCA  effectively  elevates  the  Kj 
of  the  material.  The  specimens  that  were;  completely  unloaded 
also  exhibited  an  elevation  of  Kj  . but  to  a lesser  degree  than 
was  the  case  for  the  partial  unlohding.  In  fact,  no  elevation 
in  Kjq  was  exhibited  by  specimt?ns  that  w«^re  c;omplelely  un- 
loaded and  then  fractured  at  a very  low  tc*mperature  (-IBU^C, 
-320°F).  Thus,  the  data  sugge.st  that  the  extent  of  the  un- 
loading (partial  unloading  vs  complete  unloading)  does  influ- 
ence the  specimen  behavior. 

As  illustrated  in  Fig.s.  9 and  lo  the  sf)ecimens  were  sub- 
jected to  different  levels  of  WPS.  The  lowtjr  level  in  each 
case  corresponds  to  the  ASTM  E399  allowable  for  the  specific 
thickness.  With  the;  38mm  specimens  (Fig.  9)  the  higher  WPS 
level  corresponds  to  that  whicdi  is  p(?rmitted  for  a specimen 
of  76mm  or  greater  thicknc'ss.  For  the  76mm  .specimens  the 
higher  WPS  level  corresponds  lo  the  allowable  value  for  a 
ir)2mm  (6  in.)  or  greater  thickness  specinn*n.  No  differences 
are  apparent  between  the  trends  for  the  38mm  specimens  pre- 
stressed to  80  MPavm  (the  ASTM  allowable  for  a 76mm  specimen) 
in  Fig.  9 and  those  in  Fig.  10  f<ir  the  76mm  siMicimen  pre- 
stressed  to  the  same  le*vel.  Also,  a similar  fracture  surface 
appearance  was  observed  for  both  specinu'n  thicknesses.  This 
corre.spondence  suggests  that  the  largc'r  plastic  zone  size  re- 
sulting from  the  "overload",  to  80  MPa^m,  of  the  38mm  speci- 
men.s  is  not  a deterrent  factor  in  assessing  the  eff«?cts  of 
WPS.  On  this  basis,  it  i.s  concludeti  that  the  geometrically 
similar  overload  of  the  76mm  .sjjecimens,  to  approximately  120 
MPa/m,  (Fig.  10)  would  also  represent  the  behavior  of  152mm 
thick  specimens,  had  they  been  available  for  te.st.  This  con- 
clusion i.s  significant  in  that  it  permits  a more  general  in- 
terpretation of  the  benefits  of  WPS  to  the  higher  K levels 
that  may  be  experienced  by  a ves.sel  during  a LOC’A . 


ANALYSIS  OF  DATA 


The  majinitude  of  the  Kj^.  elevation  by  WPS  may  be  observed 
from  Fips.  9 and  10.  It  is  not  possible  to  assif?n  a quanti- 
tative value  to  this  elevation  in  terms  of,  say,  Kp/Kj^  since 
the  failure  level,  Kp,  depends  upon  (a)  WPS  level  ( K^pg) 

(b)  failure  temperature,  and  (c)  degree  of  unloading.  How- 
ever, it  should  be  noted  that  for  a given  failure  temperature 
and  unloading  path,  Kj^  is  elevated  in  proportion  to  the 
magnitude  of  iC  . Thus,  it  appears  that  a high  value  of 
Kj(,  could  be  obtained  at  a very  low  temperature  simply 
through  the  application  of  a high  level  of  K^pg • 

The  preceding  is  a simplistic  analysis  of  the  WPS  phen- 
omenon. Therefore,  it  is  of  benefit  to  consider  the  inter- 
action of  the  three  major  independent  parameters  listed 
above  and  depicted  in  Fig.  11.  From  this  figure  it  can  be 
concluded  that  the  maximum  benefit  of  WPS,  in  terms  of  the 
highest  Kp/K^pg  ratio,  is  obtained  for  the  case  of  partial 
unloading  for  which  AT  is  small  and  the  K^pg  is  low.  Fortu- 
nately, during  a LOCA , two  of  the  above  three  conditions  are 
met.  First,  the  metal  at  the  crack  tip  is  always  partially 
unloaded  and  this  unloading  is  not  expected  to  exceed  the 
30-60"!  to  wliich  tlie  specimens  were  subjected.  Second,  the 
AT  is  expected  to  be  small  between  the  temperature  of  peak 
applied  Kt  during  a LCXTA  and  the  temperature  at  which  Kj 
attains  the  level.  That  is  to  say,  a AT  of  100°C, 

corresponding  to  a Tp  of  -73 °C  in  Fig.  11,  may  represent  the 
largest  value  that  could  occur  during  a LOCA.  Consequently, 
the  partial  unloading  data  at  -73”C  would  be  most  applicable 
to  a LOCA.  From  this,  it  can  be  concluded  that  for  K^pg 
less  than  120  MPa/m  (109  ksi/in.),  the  WPS  phenomenon  Will 
(a)  provide  an  effective  elevation  of  and  (b)  assure 

that  the  failure  level  will  equal  or  exceed  the  level  of  WPS. 

An  alternate  way  to  interpret  the  interaction  of  WPS 
level,  failure  temperature,  and  degree  of  unloading  is  pre- 
sented in  Fig.  12.  This  figure  clearly  illustrates  that  the 
elevation  in  as  reflected  by  Kp,  increases  with  WPS 

level.  The  magnitude  of  the  Kj^.  elevation  can  be  observed 
by  comparing  Kp  with  the  mean  Kj^,  values  for  the  appropriate 
failure  temperature.  For  example,  a Kj  elevation  in  excess 
of  200T  is  exhibited  by  the  extreme  of  the  partial  unloading 
data  at  -73°C;  whereas  essentially  no  elevation  in  is 

exhibited  by  the  LUCF  data  at  -196°C. 

An  extrapolation  of  the  trend  illustrated  in  Fig.  12 
suggests  that  even  higher  elevations  in  Kj^  could  be  obtained 
with  the  higher  imposed  values  of  K^g . Unfortunately,  the 
data  deviate  from  the  one-to-one  relationship  between  Kp  and 
Kwps  as  K^pj,  is  increased.  The  reason  for  this  deviation  is 
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FAILURE  TEMPERATURE 


Kig.  11  - Relationship  between  the  Kj  at  failure  (Kj?)  and  the  level  of  warm  prestress  (K^pg) 
at  room  temperature  as  a function  of  K^pg  level,  unloading  path,  and  failure  temperature  (Tp). 
The  LUCF  unloading  path  refers  to  load,  unload,  cool,  fracture. 
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Fig.  12  — Comparison  of  the  Kj  at  failure  (Kp)  with  the  level  of  warm  prestress  (K^pg) 
at  room  temperature.  Warm  prestress  produces  an  artiricial  elevation  in  K|,..  However, 
the  relationship  between  Kp  and  K,^pg  depends  upon  the  loading  path,  K^pg  level,  and 
the  failure  temperature.  The  latter  is  denoted  on  each  data  trend  line. 
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believed  to  be  related  to  the  interaction  of  (a)  the  com- 
pressive residual  stresses  that  can  cause  reverse  yielding 
upon  unloading  of  the  crack  tip,  and  (b)  the  temperature 
elevation  of  the  yield  stress  that  results  when  a large  AT 
is  employed.  When  AT  is  zero  there  can  be  no  yield  stress 
elevation.  In  this  case,  one  would  expect  K^,'  to  equal  or 
slightly  exceed  K^pg  that  no  mechanism  exists  to  prevent 
the  specimen  from  again  supporting  the  load  it  had  withstood 
a short  time  previously  at  the  same  temperature.  The  detri- 
mental effect  of  reverse  yielding  upon  unloading  results 
from  the  increasc'd  yield  stress  associated  with  a low  value 
of  Tp  (large  AT).  If  one  assumes  that  the  Kj  level  and 
local  strain  are  proportional,  then  an  attempt  to  apply  K^pg 
at  the  low  value  of  Tv  will  subject  the  crack-tip  region  to 
the  same  strain  as  during  the  WPS  loading.  In  attempting 
to  reach  this  strain,  the  metal  may  first  achieve  the  criti- 
cal cleavage  stress,  which  in  turn,  precipitates  fracture. 
Consequently,  one  would  predict  a deviation  from  the  one-to- 
one  line  as  illustrated  in  Fig.  12  for  a large  K^g  in  com- 
bination with  a large  AT. 

Fortunately,  the  reverse  yielding  that  tends  to  prevent 
the  attainment  of  the  K^pg  level  upon  reloading  at  a lower 
temperature  has  a minimal  effect  under  LOCA  conditions. 
First,  only  partial  unloading  is  experienced  and  therefore 
little,  if  any,  reverse  yielding  at  the  crack  tip  is  ex- 
pected. Second,  the  AT  is  expected  to  lie  small  so  there 
can  be  little  elevation  in  yield  strength.  Thus,  the  criti- 
cal cleavage  stress  can  be  achieved  only  at  a Kp  level  that 
is  not  significantly  below  the  original  value  of  K^pg . 

The  above  model  appears  to  offer  a satisfactory  explana- 
tion for  the  observed  trends  in  Fig.  12.  Specifically,  the 
large  elevations  in  yield  strength  in  the  experimental  pro- 
gram that  resulted  from  the  relatively  large  AT  values  (95 
to  220°C)  are  not  expected  to  occur  during  a LOCA.  Conse- 
quently, that  portion  of  the  data  in  Fig.  12  most  directly 
applicable  to  the  LOCA  conditions  (i.e.,  partial  unloading 
and  failure  temperature  of  -73°C)  supports  the  conclusion 
that  WPS  can  be  effective  in  preventing  crack  extension 
during  a LOCA.  The  structural  implications  of  WPS  to  a LOCA 
are  considered  next. 

STRUCTURAL  INT1:RPRI'’TATI0N  OF  WPS  DURING  A LOCA 

A theoretical  analysis  of  the  potential  for  crack  exten- 
sion during  a LOCA  has  been  performed  by  Cheverton  for 
a typical  pressurized  water  reactor  vessel.  His  results  are 
Interpreted  here  to  characterize  the  maximum  depth  of  crack 
extension  when  considering  the  influence  of  WPS.  The  time- 
dependent  stress  intensities  computed  from  Cheverton's 


analysis  for  a Ions,  axial  crack  are  presented  in  Figs.  13- 
15.  The  following  assumptions  were  made  in  modeling  the 
vessel  : 

Wall  thickness  = 216  mm  (8.5  in.). 

Inner  wall  fluence  = 4x1 0^’  n/cm^  >1  .MeV 
(corresponding  to  a 40-year  irradiation  period). 

High  impurity  copper  level  (>  0.25%). 

Pre irradiation  vs  temperature  as  defined  by 

Westinghouse  Corpora! ion ^ ® for  A533-B1  steel. 

Vessel  not  pressurized. 

During  a LOCA,  the  magnitude  of  possible  crack  extension 
cannot  be  easily  computed.  This  fact  has  raised  the  possi- 
bility of  complete  crack  penetration  of  the  wall.  Fortun- 
ately, the  factors  of  decreasing  fluence  and  increasing 
temperature  toward  the  outside  wall  surface  provide  the 
mechanism  for  the  arrest  of  a running  crack  that  may  initiate 
in  the  material  of  relatively  low  toughness  near  the  inner 
wall  surface.  Arrest  is  assumed  to  occur  when  the  Kjj^*  value 
exceeds  the  Kj  value  at  the  crack  tip.  Furthermore,  the 
degradation  in  caused  by  neutron  bombardment  through  the 

wall  has  been  characterized  in  the  subject  analysis  according 
to  the  procedures  of  Regulatory  Guide  1.99.*^  The  latter 
defines  the  vs  temperature  trend  for  irradiated  material 

by  a simple  temperature  translation  of  the  preirradiation 
trend,  based  on  the  fluence  level  and  residual  impurity  con- 
tent of  the  steel.  The  Kj  , vs  temperature  trend  for  the 
irradiated  material  has  been  similarly  projected.  The  vali- 
dity of  the  latter  assumption,  however,  is  subject  to  addi- 
tional verification. 

Figure  13  illustrates  the  Kj  level  for  a long  axial 
flaw  7,5  minutes  after  the  LOCA  initiation.  From  the  first 
intersection  of  Kj  and  it  is  concluded  that  an  axial 

crack  having  a depth-to-wal 1 thickness  ratio  (a/W)  of  0.03 
will  initiate  at  this  time.  The  flaw  will  propagate  to  a 
relative  depth  of  a/W  = 0.36  before  it  is  assumed  to  arrest. 
It  should  be  noted  that  different  size  flaws  can  initiate  at 
different  times.  In  other  words.  Fig.  13  represents  crack 
initiation  condition.s  only  at  7.5  minutes. 

A crossplot  of  the  intersections  of  Kt  with  and  Kjp 

at  various  times  is  shown  in  Fig.  14.  The  dashed  line 
illustrates  the  progressive  initiation-arrest-reinitiation 
behavior  of  a shallow  crack.  This  description  suggests 
♦The  vs  temperature  behavior  for  unirradiated  material  is 

defined  in  Section  III  of  the  ASME  Boiler  and  Pressure  Vessel 
Code.  The  mechanics  of  crack  arrest  is  a topic  of  current 
research  and  presently  one  cannot  guarantee  that  crack  arrest 
will  occur  exactly  when 
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Fig.  14  — Critical  crack  depths  for  initiation  and  arrest  with  a iong,  axiai  flaw  in  the  sub- 
ject vessel.  The  dashed  line  denotes  the  progressive  initiation-arrest-reinitiation  behavior 
that  could  lead  to  deep  penetration  of  the  wall  without  consideration  of  the  WPS  phe- 
nomenon. (Ref.  11) 
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Fig.  15  — Crack  tip  stress  intensity,  (Kj),  vs  time  for  the  subject  vessel  for  different  depths, 
a/w,  of  a postulated  long,  axial  flaw.  The  locus  of  points  where  Kj/Kj,,  is  unity  denotes  the 
predicted  time  of  initiation  of  a given  size  flaw  without  consideration  of  WPS  effects.  (Ref. 
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that  the  crack  could  deeply  penetrate  the  wall.  However, 
riieverton  ‘ * has  pointed  out  that  the  assumptions  of  his 
model  are  conservative  and  that  complete  wall  penetration 
may  not  actually  take  place.  Specifically  the  Kj^  calcula- 
tions were  based  on  linear  elastic  behavior.  For  large 
crack  penetrations  (a/W>0.5)  the  remaining  ligament  Is  sub- 
jected to  plastic  deformation  and  the  assumption  of  linear 
elastic  behavior  is  not  valid.  The  presence  of  plasticity 
will  result  in  Kj  levels  less  than  those  computed  elasti- 
cally and  therefore  will  decrease  the  propensity  to  penetrate 
the  wall. 

Figure  15  depicts  the  behavior  of  Kj  with  time  for  a 
family  of  long,  axial  flaws.  It  is  Important  to  note  the 
relationship  between  these  curves  and  the  locus  of  points 
for  which  Kj/Kj  is  unity.  With  flaws  of  relative  depth 
greater  than  0.2,  it  is  clear  tliat  the  intersection  of  Kj 
and  occurs  with  decreasing  Kj.  This  points  out  that  all 

cracks  greater  than  a relative  depth  of  0.2  have  been  warm 
prestressed.  On  the  basis  of  the  NRI.  Investigations,  it  is 
therefore  expected  that  cracks  greater  than  this  depth  will 
not  initiate  in  ttie  sub.ject  vessel.  Given  tlie  above,  it  is 
possible,  nevertheless,  to  predict  crack  extension  to  rela- 
tive depths  greater  than  0.2.  Consider  a flaw  of  relative 
depth  of  0.1  in  the  framework  of  Fig.  14.  Since  this  flaw 
is  not  subject  to  WPS,  it  will  begin  to  extend  at  a time  of 
3 minutes  and  penetrate  to  a relative  depth  of  0,2.  Because 
only  cracks  of  relative  depth  greater  than  0.2  are  subject 
to  WPS,  the  crack  will  reinitiate  at  a time  of  7 minutes  and 
extend  to  a relative  depth  of  0.34.  Further  extension  is  not 
likely  because  of  WPS  during  the  time  periods  up  to  18 
minutes  when  t lie  next  initiation  would  be  predicted  in  the 
absence  of  WPS, 

The  preceding  description  illustrates  that  while  crack 
initiation  from  shallow  cracks  cannot  be  prevented  by  WPS, 
the  magnitude  of  the  crack  extension  can  be  limited  by  this 
phenomenon  so  as  to  preclude  complete  penetration  of  the 
wall.  The  benefit  of  WPS  is  such  that  a potentially  severe 
accident,  that  of  complete  wall  penetration,  is  reduced  to 
one  of  lesser  severity  in  whicli  the  vessel  Integrity  is 
maintained, 

SUMMARY  ANT)  CONCLUSIONS 

The  present  research  investigations  have  considered  the 
phenomenon  of  warm  prestress  and  its  potential  benefit  for 
the  minimization  of  crack  extension  during  a LOCA . It  is 
concluded  that  the  mechanisms  associated  with  WPS  act  to 
elevate  the  critical  fracture  toughness,  Kj  , of  the  material 
at  the  crack  tip.  iXirlng  a LOCA,  an  elevation  of  Kjj,  results 
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when  the  peak  value  of  WTS  ( Is  applied  at  a sufficiently 

hi^h  temperature  so  that  the  Kj^  of  the  material  exceeds 
After  this  peak  loading  to  K^pg  tlie  Kj  level  in  the  vessel 
decreases  and  achieves  t)ie  critical  value  at  lower  tem- 

perature (because  of  the  temperature  dependence  of  Kj^,)  , 

This  study  has  demonstrated  that  failure  never  occurs  during: 
unloading:.  This  observation  is  of  ma.ior  significance  to  the 
inteprity  of  a prototype  vessel.  From  this  behavior  it  is 
concluded  that  crack  initiation  will  not  take  place  in  a 
vessel  once  the  crack  tip  has  been  sub.jected  to  WPS.  This 
conclusion  is  valid  irrespective  of  either  the  depree  to 
which  Kj  at  the  crack  tip  falls  below  Kj^  or  the  nature  if 
the  unloadinp  path.  In  other  words,  crack  extension  after 
WPS  can  take  place  only  with  Increaslnp  Kj-,  since  Kj  does 
not  increase  after  the  peak  K^pg . no  mechanism  exists  upon 
which  to  postulate  crack  ex+ension. 

In  terms  of  irarpln  of  safety  apalnst  fracture,  this 
study  has  shown  that  the  elevation  in  Kj^  caused  by  WPS  is 
not  uniform  and  depends  upon  (a)  the  WPS  level,  (b)  the  AT 
between  the  failure  temperature  and  the  temperature  of  WPS, 
and  (c)  the  depree  of  unloadinp.  Specifically,  the  bene- 
ficial elevation  of  Kj^,  appears  to  be  preatest  when  both  the 
AT  and  the  depree  of  unloadinp  are  small.  Fortunately,  both 
of  these  conditions  are  met  durlnp  a LOCA , and  an  elevation 
of  Kjp  should  be  assured  by  the  WPS  phenomenon.  In  partic- 
ular, it  is  concluded  that  WPS  levels  of  120  MPa/m  or  less 
can  result  in  an  elevation  of  for  the  vessel  material 

to  at  least  the  WPS  level  durlnp  a LOCA  transient,  assumlnp 
of  course,  that  the  material  is  metallurpically  capable  of 
exhibit Inp  this  level  of  touphness , 

In  these  experiments,  a relatively  larpe  AT  was  neces- 
sitated ill  order  to  unamblpuously  demonstrate  the  elevation 
of  Kt(,  by  WPS.  Durlnp  the  LOCA  however,  the  AT  can  be  much 
smaller  than  the  values  invest ipated , It  is  felt  that  a 
.small  AT  will  result  in  even  preater  benefit  of  WPS  than 
demonstrated  by  this  study.  Nevertheless,  experimental  in- 
vestipatlons  are  continulnp  at  NHL  to  characterize  the  WPS 
phenomenon  in  the  case  of  a small  AT. 

I(  has  been  suppested  that  the  use  of  uniaxlally-.stres.sed 
bend  sp€>clmens  in  the  present  investlpatlon  does  not  permit 
simulation  of  the  biaxial  loadlnp  that  occurs  in  the  vessel 
durlnp  a LOC'A . However,  the  Influence  of  biaxial  loadinp  In 
the  linear  elastic  repime  is  not  considered  to  be  sipnlflcant 
and  should  not  alter  the  conclusions  of  the  present  Investl- 
patlon. A partial  verification  of  this  hypothesis  results 
from  a comparison  of  the  data  from  the  uniform  specimens  vs 
specimens  havlnp  face  prooves . Althouph  not  exactly  similar, 
face  prooves  tend  to  increase  the  crack-tip  constraint. 


38 


M-uwcver  ttu-  data  have  shown  that  no  trend  was  effected  by 
the  face-tcrcnn’i  nj; . Nevertheless,  the  siftnificanco  of  biaxial 
loading  diirintt  WPS  has  not  been  conclusively  demcMistrated . 

It  appears  that  further  analysis  is  required  to  resolve  this 
a re  a . 


An  int<‘fpretat  ion  of  the  structural  s if^n  i f i canctt  ol  WPS 
has  been  made  lor  a typical  reactor  pressure  vessel  conttiin- 
1 UK  a lont;-axial  flaw  and  whose  wall  has  been  severely  em- 
brittled. based  upon  an  interpretation  of  Kj  trends  for  this 
vessel  computed  by  ()HNL,'‘it  is  concluded  that  WPS  by  itself 
cannot  prevent  the  exti.'nsion  of  shallow  cracks.  However,  for 
tlu‘  reference  vessel  containing  a long-axial  flaw,  it  is  con- 
cluded that;  (a)  a shallow  crack  (a/W  <0.2)  can  initiate  and 
extend  ttj  a relative  depth  of  0.3d,  and  (b)  a crack  of  initial 
ri?lative  depth  greater  than  0.2  is  prevented  from  extending 
any  amount  by  the  ’.VPS  phenomenon.  While  the  preceding  inter- 
pretation of  WPS  to  a reactor  pressure  ve.s.sel  was  meant  to 
consider  the  worst  case,  a general  conclusion  regarding  the 
significance  of  WPS  to  the  mitigation  of  crack  extension 
during  a lOCA  re(juire.s  a parametric  analy.sis  to  be  made  that 
considers  different  initial  flaw  geometries  as  well  as  differ- 
ences in  trend.s,  fluence  and  material  sensitivity  to 

i rradiati<jn: 

Also,  it  was  observed  that  an  elastic  analysis  of  crack 
extension  during  a LOCA  has  predicted  deep  penetration 
of  the  wall  without  consideration  of  WPS.  Due  to  the  con- 
.servatism  in  the  elastic  analysis,  complete  penetration  of 
the  wall  may  not  actually  occur.  Nevertheless,  the  crack 
exten.sion  computed  more  exactly  by  means  of  a refined  elastic- 
plastic  model  cannot  be  easily  verified  by  full-scale  experi- 
ments. Thus,  the  WPS  phenomenon  may  eliminate  the  need  for 
further  elastic  plastic  computation.s  and,  more  importantly, 
may  provide  the  key  element  upon  which  to  predicate  the  inte- 
grity of  the  vessel  during  a LOCA. 

Finally,  the  following  recommendations  are  considered 
necessary  (a)  to  verify  assumptions  cjf  the  present  analysts, 
and  (b)  to  generalize  the  benefits  of  warm  prestress  to 
other  geometries  and  material  properties. 

Perform  a .sensitivity  analy.sis  to  characterize  tlie 
interaction  of  the  significant  parameters 

Validate  the  assumption  that  crack  arrest  is  defined 
by  the  condition,  Kj  = 

Provide  a technical  basis  to  disregard  the  effects 
of  biaxial  loading  that  occur  during  a LOCA  that 
were  not  .specifically  considered  in  the  <.xp«'rimen t s 
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- Verify  the  assumptions;  (a)  the  shape  of  the 
irradiated  Kj  and  Kjp  vs  temperature  curves  is 
unaltered  by  irradiation,  and  (b)  the  temperature 
elevation  of  the  Kj^  curve  due  to  irradiation  is 
equal  to  or  less  than  the  elevation  of  the  Kjr, 
curve  as  defined  by  Reg-ulatory  Guide  1.99. 

B . Plastic  Net  Ligament  Studies 

R.  A.  Gray,  Jr.,  G.  Sica  and  F.  J.  Loss 
BACKGROUND 

The  preceding  section  considered  the  propensity  for  crack 
extension  tn  the  wall  of  a nuclear  pressure  vessel  during  a 
loss  of  coolant  accident  (LOCA).  It  was  demonstrated  that  the 
phenomenon  of  warm  prestress  (WPS)  can  prevent  crack  extension 
beyond  relative  wall  depths  (a/w)  of  one-third.  In  order  to 
demonstrate  a still  greater  margin  of  safety  against  complete 
wall  penetration,  a second  investigation  was  conducted  wherein 
no  credit  was  taken  for  the  inhibition  of  crack  extension  by 
WPS.  In  this  case,  it  is  assumed  that  a crack  can  be  driven 
almost  completely  through  the  wall  by  the  thermal  stresses 
associated  with  the  LOCA.  The  purpose  of  the  subject  investi- 
gation is  to  demonstrate  that  further  extension  of  the  ar- 
rested crack  will  not  be  caused  by  the  thermally-induced  bend- 
ing of  the  wall . 

It  should  be  recalled  from  the  preceding  investigation  of 
WPS  that  the  factors  of  decreasing  neutron  fluence  and  in- 
creasing temperature  toward  the  outside  wall  surface  produce 
a steep  gradient  in  toughness  that  provides  a mechanism  for 
the  arrest  of  a running  crack.  On  this  basis,  one  can  con- 
sider as  the  worst  case  a long,  axial  flaw  that  has  penetrated 
deeply  through  the  vessel  wall  (e.g.,  a/w  = 0.8)  and  has  been 
arrested.  Under  these  circumstances  the  remaining  ligament 
is  subject  to  a rotation,  0,  due  to  the  thermal  stress  dis- 
tribution in  the  wall.  This  rotation  also  results  in  a "cusp" 
of  the  vessel  wall  as  illustrated  in  Fig.  16.  The  bending  at 
the  crack  tip  can  cause  a plastic  hinging  of  the  remaining 
ligament  provided,  of  course,  the  material  has  sufficient 
toughness  to  preclude  brittle  fracture  under  this  imposed 
loading.  Fortunately,  the  rotation  of  this  "plastic  net 
ligament"  is  self-limiting  by  the  thermal  stresses.  Using 
the  temperature  distribution  in  the  wall  of  a typical  vessel 
during  a LOCA,**  Merkie  **  showed  that  the  bend  angle 

would  be  no  larger  than  2®  in  the  case  of  a crack  having  a 
relative  depth  of  0.8  in  a wall  of  216mm  (8.5  in.)  thickness. 

If  one  assumes  the  arrested  crack  is  subjected  to  a bend 
angle  of  2®,  some  crack  extension  at  the  crack  tip  is  expected. 
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Fig.  16  — Illustration  of  the  bending  of  the  vessel  wall  that  results  from  the 
themiiil  stresses  imposed  during  a LOCA.  The  deep,  axial  flaw  in  the  vessel 
wall  is  simulated  by  the  bending  of  a cracked  beam. 


This  extension  will  be  stable  (occurring  with  rising  load) 
rather  than  unstable  (brittle)  under  the  following  conditions: 

The  toughness  of  the  material  at  the  tip  of  a 
deep  crack  has  not  been  severely  degraded  by  the 
neutron  bombardment  at  the  inner  wall  surface. 

The  metal  temperature  at  the  crack  tip  is  suffi- 
ciently high  to  result  in  "upper  shelf"  or 
ductile  behavior. 

The  upper  shelf  toughness  is  sufficiently  high 
to  preclude  low  energy  tearing.  The  latter 
process  can  proceed  in  a rapid  or  unstable 
manner  at  constant  load. 

If  the  stable  crack  extension  is  shown  to  be  small  compared 
with  the  remaining  wall  ligament,  then  the  vessel  integrity 
will  be  maintained.  If  correctly  predicted,  this  behavior 
will  preclude  the  melting  of  the  reactor  core  that  could  have 
occurred  due  to  the  loss  of  cooling  water  through  the  fully- 
cracked  wall.  An  experimental  program  was  therefore  under- 
taken to  simulate  the  bending  of  the  vessel  wall  and  to  char- 
acterize the  nature  of  the  crack  extension. 

EXPERIMENTAL  INVESTIGATION 

Experimental  Procedure 

The  pure  bending  in  the  plastic  net  ligament  of  the 
vessel  wall  was  simulated  by  the  four-point  bending  of  a 
cracked  beam  as  illustrated  in  Fig.  16.  Specimens  were 
machined  from  A533-B  steel  plate  (HSST  plate  02)  and  were 
identical  in  all  respects  to  the  38mm  WPS  specimens  described 
in  the  previou.s  section.  As  with  the  WPS  experiments,  a 
portion  of  the  specimens  was  face  grooved. 

In  accordance  with  the  preceding  requirements  for  ductile 
behavior,  the  tests  were  conducted  within  the  upper  shelf 
regime  (approximately  93®C,  200“F)  to  assure  a high  level  of 
fracture  toughness.  The  specimens  were  heated  in  an  oven  to 
the  required  temperature  and  then  placed  in  the  same  loading 
fixture  used  for  the  WPS  experiments.  The  specimens  were 
loaded  slowly  in  four-point  bending  to  various  levels  of  mid 
span  deflection.  For  comparison,  some  specimens  were  also 
subjected  to  three-point  bending.  The  deflections  of  various 
specimens  were  controlled  so  as  to  impose  bend  angles  both 
smaller  and  larger  than  the  theoretical  value  of  2“  computed 
for  a typical  vessel.  During  loading  the  specimen  temperature 
decreased  on  the  order  of  10"C  (18”F),  but  this  decrease  was 
insufficient  to  prevent  the  attainment  of  the  upper  shelf 
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touKliness  level  throughout  the  test.  The  specimens  were  re- 
moved from  the  loading  fixture  and  the  plastic  bend  angle  (0) 
was  determined  optically  from  the  position  of  the  machined 
notch  flanks.  The  specimens  were  then  heat  tinted  to  mark 
the  crack  extension  and  broken  apart  at  a low  temperature. 

Crack  extension  wa.s  measured  with  a traveling  microscope  and 
an  average  was  obtained  from  measurements  at  the  1/4,  1/2 
and  3/4  thickness  positions. 

Test  Results 

The  experimental  results  for  38mm  thick  bend  specimens 
are  presented  in  Fig.  17.  In  spite  of  a large  scatter  ex- 
hibited by  the  data,  it  is  clear  that  the  crack  extension  is 
small,  less  than  7mm  (0.28  in.),  even  for  a bend  angle  of  4°; 
the  latter  is  twice  the  bend  angle  predicted  from  a mathe- 
matical model  * ^ . The  curve  of  bend  angle  vs  crack  extension 
in  Fig.  17  exhibits  proportionately  more  crack  extension  with 
each  successive  degree  of  bend  angle.  This  trend  is  expected 
as  the  specimen  achieves  its  limit  load.  In  addition,  the 
data  exhibit  no  trends  that  can  be  attributed  to  three-point 
bend  vs  four-point  bend  nor  to  the  presence  or  absence  of 
face  grooves. 

In  all  cases  the  crack  front  extended  first  at  the  crack 
mid  plane;  this  resulted  in  a tunneled  shape  that  became  more 
severe  with  increasing  bend  angle.  Except  for  the  specimen 
having  a 4 bend  angle,  no  crack  extension  on  the  surfaces 
was  observed. 

As  might  be  expected  with  tests  in  the  plastic  regime,  a 
slight  lateral  contraction  was  present  at  the  notch  root. 

For  a 2“  bend  angle  the  notch  root  contraction  was  approxi- 
mately 0.6mm  (0.024  in.)  on  either  side  of  the  notch.  It 
should  be  noted  that  the  presence  of  face  grooves  did  not  ap- 
pear to  reduce  the  notch  root  contraction  at  a given  bend  angle. 

DISCUSSION 

Inspection  of  Fig.  17  leads  to  the  conclusion  that  a 
plastic  bend  angle  of  approximately  2“  will  cause  only  a 
small  crack  extension,  3mm,  in  a bend  specimen.  In  trans- 
lating this  observation  to  a typical  vessel  wall  having  a 
thickness  of  216mm  and  an  assumed  crack  depth  of  173mm,  it 
is  apparent  that  a crack  extension  of  3mm  in  the  remaining 
ligament  would  be  negligible. 

One  must  use  caution  in  applying  the  experimental  results 
directly  to  project  the  vessel  behavior.  This  comparison  is 
valid  only  if  the  crack-tip  constraint  is  similar  in  both  the 
specimen  and  the  vessel  wall.  With  respect  to  the  constraint 
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in  the  direction  of  crack  propagation,  both  the  vessel  and 
specimen  have  the  same  net  ligament  (approximately  43mm)  so 
that  the  constraint  in  both  bodies  is  similar.  However,  due 
to  the  limited  specimen  thickness,  the  transverse  constraint 
in  the  specimen  is  less  than  that  in  the  vessel.  In  other 
words,  the  through-thickness  yielding  in  the  specimen  must  be 
prevented  in  order  to  achieve  an  accurate  simulation  of  the 
vessel  constraint.  For  a given  bend  angle  one  would  expect 
a larger  crack  extension  in  the  vessel  wall  because  of  its 
large;  transverse  constraint.  Therefore,  additional  experi- 
ments are  required  to  characterize  the  contribution  of  the 
specimen  thickness  to  the  crack  extension  at  a fixed  bend 
angle.  The  effect  of  thickness  can  be  demonstrated  simply  by 
increasing  the  specimen  thickness  while  retaining  the  planar 
dimensions . 

From  the  present  results  it  is  felt  that  the  yielding  by 
both  the  specimen  and  vessel  in  the  direction  of  crack  propa- 
gation (i.e.,  plastic  net  ligament)  will  dominate  the  crack 
extension.  Conseciuent ly , the  crack  extension  trend  in  Fig.  17 
should  reasonably  approximate  the  actual  extension  in  the 
vessel  wall.  However,  follow-on  experiments  will  be  conducted 
with  specimens  of  increased  thickness,  76mm  vs  38mm,  to  define 
the  thickness-dependence  of  crack  extension. 

Finally,  a comment  is  in  order  concerning  the  influence 
of  the  face  grooves  on  the  crack  extension.  Face  grooves  are 
believed  to  provide  additional  transverse  constraint,  such  as 
would  be  associated  with  increased  thickness.  The  results  of 
the  present  investigation  suggest  that  5%  face  grooves  do  not 
provide  additional  transverse  constraint.  Specifically,  the 
notch  root  contraction  for  both  types  of  specimens  was  essen- 
tially identical.  One  would  have  expected  a smaller  notch 
root  contraction  if  the  face  grooves  had  provided  additional 
transferse  constraint.  The  experimental  results,  illustrated 
in  Fig.  17,  show  no  effect  of  the  face  grooves,  thereby 
supporting  the  above  conclusion  regarding  their  significance. 
However,  it  can  be  argued  that  face  grooves  of  much  greater 
depth  could  increase  the  constraint. 

SUMMARY  AND  CONCLUSIONS 

A simulation  of  the  postulated  plastic  net  ligament  be- 
havior during  a LOCA  was  achieved  by  means  of  fatigue- 
cracked  bend  specimens.  The  specimens  were  loaded  to  a bond 
angle  identical  to  that  computed  for  the  vessel  wall.  The 
experiments  were  restricted  to  the  upper  shelf  or  ductile 
toughness  regime  under  the  assumption  that  the  material  in 
the  vicinity  of  a deep  crack  in  a vessel  wall  would  exhibit 
a similar  toughness.  Under  these  conditions,  the  bend 
specimens  exhibited  a negligible  crack  extension.  On  the 
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basis  that  the  test  specimens  adequately  simulate  the  con- 
straint of  a deep  crack  in  the  vessel  wall,  it  is  concluded 
that  the  crack  in  a vessel  will  extend  a negligible  amount 
as  a result  of  the  bending  of  the  vessel  wall  caused  by  the 
tliermal  stresses.  Consequently,  the  integrity  of  the  wall 
will  be  maintained.  However,  the  specimens  do  not  exactly 
simulate  the  constraint  of  the  vessel  wall;  additional  ex- 
perimt'nts  with  specimens  of  increased  thickness  are  required 
for  a conclusive  dt>monst  ra  t ion  of  the  crack  extension  caused 
i)y  the  rotation  of  the  vessel  wall. 

In  the  case  of  a highly  embrittled  wall,  the  resulting 
temperature  elevation  of  the  brittle-ductile  transition  may 
place  the  crack  tip  within  the  transition  region  rather  than 
the  upper  shelf  region.  In  this  case  the  conclusions  of  the 
present  .study  are  not  applicable.  Furthermore,  it  should  be 
noted  that,  within  the  transition  region,  unstable  crack 
propagation  can  be  exhibited  by  material  that  has  been 
plastically  deformed.  In  other  works,  a cleavage  fracture 
mode  has  been  observed  after  plastic  deformation  caused  by 
static  loading  at  a temperature  below  the  upper  shelf  tough- 
ness regime,  the  latter  being  defined  by  a dynamic  test.  The 
cleavage  fracture  mode  is  absent  only  at  temperatures  that 
lie  within  the  upper  shelf  regime.  Therefore,  the  conclu- 
sions of  the  pre.sent  study  must  be  restricted  to  the  upper 
shelf  regime. 

As  a final  consideration,  it  has  been  shown  by  Chever- 
ton‘‘*that  the  critical  K.  _ level  can  be  achieved  by  the 
crack-tip  region  as  the  w^ll  continues  to  cool  during  the 
LOCA,  In  this  event  one  must  rely  on  the  phenomenon  of  WPS 
as  the  basis  upon  which  to  project  continued  vessel  integrity. 
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III.  FATIGUE  CRACK  PROPAGATION  IN  LWR  MATERIALS 


A . Evaluation  of  Critical  Factors  in  Crack  Growth  Rate 

Studies 

H.  E.  Watson,  B.  H.  Menke,  and  F.  J.  Loss 
BACKGROUND 

Experimental  results  discussed  here  relate  to  an  evalua- 
tion of  the  effects  of  water,  temperature,  and  cycling  rate 
on  the  fatigue  crack  propagation  (FCP)  in  A508-2  forging 
material.  Emphasis  was  placed  on  one  material  for  the  sub- 
ject studies  to  minimize  the  effect  of  this  variable  on  FCP. 
Tests  are  being  conducted  in  accordance  with  a preliminary 
matrix  developed  by  the  Nuclear  Regulatory  Commission  (NRC) 
to  simulate  (a)  the  hydro  and  leak  transient,  and  (b)  the 
heatup  and  cooldown  transient  of  a commercial  nuclear  pres- 
sure vessel.  The  test  conditions  corresponding  to  these  two 
conditions  are,  respectively,  93°C  (200°F)  water  at  atmos- 
pheric pressure  and  288®C  (550°F)  water  at  a pressure  of 
14  MPa  (2000  psi).  Test  specimens  used  in  tliis  series  are 
25mm  (1  in.)  thick  compact  tension  (CT).  Tiie  other  test 
parameters  included:  a modified  trapezoidal  waveform  with  a 

rise  time  of  1 sec,  an  R-ratio  of  0.1  and  cyclic  frequencies 
of  1,  0.33,  and  0.08  cvcles  per  minute  (CPM).  Crack  length 
measurements  are  referenced  to  the  crack  mouth  opening  (CMO) 
and  in  all  cases,  the  crack  growth  rate,  da/dN,  value.s  were 
determined  by  computer  analysis  using  the  incremi^ntal  poly- 
nominal  technique  recommended  by  the  ASTM  Task  Group  on 
Fatigue  Crack  Growth  Rate  Testing. 

EXPERIMENTAL  PROCEDURE 

The  FCP  data  were  generated  using  both  autoclave  and 
water  pot  fatigue  test  equipment  to  simulate  the  heatup  and 
hydro  transients,  respectively.  The  autoclave  is  pressurized 
to  14  MPa  (2000  psi)  and  heated  to  288**C  (SSO^F).  The  auto- 
clave water  is  circulated  through  a filter  and  returned  to  a 
reservoir  which  is  pressurized  with  hydrogen  to  0.2  MPa  (30 
psi).  This  maintains  the  dissolved  hydrogen  at  30  to  50 
cc/Kg  in  accordance  with  water  specifications  in  a pressurized 
water  reactor  (PWR)  system.  Crack  length  measurements  are 
referenced  to  the  CMO.  Measurements  of  the  CMO  are  deter- 
mined using  a linear  variable  differential  transformer  (LVDT) 
designed  to  withstand  the  autoclave  environment.  LVDT 
measurements  are  then  converted  to  crack  lengths  using  com- 
pliance data  obtained  from  A533-B  steel  specimens  having 
machined  notches  of  different  depths. 
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The  water  pot  is  heated  to  93“C  (200°F)  and  water  is 
circulated  to  insure  uniform  water  chemistry.  A blanket  of 
nitrogen  is  provided  under  a slight  pressure  to  stabilize  the 
chemical  composition  of  the  water.  CMO  measurements,  using  a 
clip  gage,  are  referenced  to  the  crack  length  in  the3  same 
manner  as  in  the  autoclave  tests. 


Tht*  watt;r  used  in  the  autoclave  and  water  pot  apparatus 
simulates,  as  nearly  as  possible,  the  actual  PWR  water  chem- 
istry. Preliminary  water  specifications  have  been  prepared 
aftt)r  consultation  with  reactor  vendors.  The  ch€;mical  com- 
position is  as  follows: 


oxygen  - 10  ppb  (beginning  of  test) 

<10  ppb  (remainder  of  test) 
hydrogen  - 30  to  50  cc/Kg 
c-onductivi  ty- <20  pmhos 
boron  - control  at  1000  ppm 

- allowable  range  of  500  to  1500  ppm 


chloride  -<0.15  ppm 

fluoride  -<0.15  ppm 

lithium  - 0.2  to  2.0  ppm  as  LiOH. 

Control  of  the  pH  is  maintained 

by  the  proper  levels  of  boron  and 
independent  control  is  not  specified. 


RESULTS 

Rt?sults  are  presented  in  Fig.  18  for  duplicate  tests  in 
93“c  (200"F)  water  at  1 cpm.  The  modified  trapezoidal  wave 
form  included  a 1 sec  up/down  ramp.  For  comparison,  data 
gent'rated  in  an  air  environment  at  288°C  (550°F)  with  a modi- 
fied trapezoidal  wave  form  are  also  shown.  Previous  tests 
with  A533-B  and  A508-2  steels  in  an  air  environment  at  288®C 
have  shown  no  difference  between  cycling  rates  of  0.1  and  10 
cpm.  Both  the  water  and  the  air  data  in  Fig.  18  fall 

very  close  to  the  ASME  Section  XI  upper  boundary  line  for 
FCP  in  air.  One  may  therefore  conclude  that  the  water  en- 
vironment does  not  cause  a significant  increase  in  FCP  for 
the  particular  conditions  investigated. 

To  evaluate  the  effect  of  varying  the  time  at  maximum 
load,  tests  were  initiated  using  hold  times  of  3 and  12 
minutes  (0.3  and  0.08  cpm)  in  the  water  pot  environment. 

Data  from  these  tests  and  the  1 cpm  data  on  Fig.  18  are  shown 
in  Fig.  19.  A comparison  of  these  data  reveals  that  hold 
times  of  1,  3 and  12  minutes  produced  no  significant  effect 
on  the  FCP  for  this  test  condition.  One  occurrence  during 
the  3 min  hold  time  test  should  be  mentioned,  however.  This 
test  exhibited  a reduction  in  FCP  rate  near  its  beginning. 
Westinghouse  Corp.  has  had  a .similar  experience,  with  a 
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Fig.  18  — Comparison  of  FCP  trends  at  1 CPM  in  93°C  (200°  F)  water 
with  10  CPM  data  in  air  at  288°C  (550°F).  A modified  trapezoidal 
waveform  having  a 1 sec  rise  time  was  used  for  all  the  tests. 
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decrease  in  FCP  rate  occurring  after  the  test  equipment  had 
been  shutdown  for  a period  of  time.  An  examination  of  the 
test  record  revealed  that  the  reduction  in  FCP  rate  for  this 
specimen  occurred  after  the  equipment  had  also  been  shut  down. 
An  investigation  is  being  conducted  to  determine  if  a corre- 
lation exists  between  the  reduction  in  crack  growth  rate  and 
the  shut-down  occurrences. 

Autoclave  tests  were  completed  on  two  .specimens  at  1 cpm 
to  evaluate  the  effect  of  the  higher  temperature,  288"C  (550°F) 
and  pressure  on  FCP.  These  data  (not  illustrated)  fall  within 
the  scatterband  of  the  93“C  (200“F)  data  and  suggest  that  the 
temperature  and  pre.ssure  increase  have  no  effect  on  FCP  for 
this  material  and  these  test  conditions.  One  of  these  tests 
was  shut  down  for  a significant  period  on  two  occasions. 

Each  event  resulted  in  a period  of  reduced  FCP.  With  each 
event,  the  data  trend  exhibited  a perturbation  so  as  to  indi- 
cate a lower  crack  growth  rate  for  a given  value  of  AK. 
Therefore,  to  prevent  introducing  other  variables  into  the 
test  matrix,  it  will  be  essential  that  the  tests  not  be 
interrupted. 

CONCLUSIONS 

The  present  data  suggest  that,  for  the  A508-2  f ging 
and  a rapid  loading  rate,  there  i.s  no  significant  effect  of 
hold  time,  temperature,  pressure,  or  water  environment  on 
FCP  in  a PWR  environment. 
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